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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

~ ADVANCE CONFIDENTIAL REPORT

THE EFFECTS OF ROUGHNESS AT HIGH REYNOLDS NUMBERS
ON THE LIPFT AND DRAG CHARACTERISTICS
OF THREE THICK AIRFOILS
By Frank T. Abbott, Jr. and Harold R. Turner, Jr.

SUMMARY

In connection wlth studles of airfolils applicable
to large high-speed alrcraft, the effects of roughness
on three 22-nercent-thlck airfoils were Ilnvestigated.
The tests were made over a range of Reynolds number from
about 6 to 26 x 100 for the alrfolls asmooth and with
roughness strips applled to the surfaces. The results
indicated that for the roughened models the scale effect
was generally favorable.

INTRODUCTION

Prevlous tests 1n the NACA two=dimenslonal low-
turbulence pressure tumel of thick airfoils wilth
roughened leading edges (reference 1) indicated that
the 1lift and drag characterlistlcs of the thlcker wing
sectlons, when accldentally roughened, would have an
Important bearing on the cholce of sections for large
high=speed alrplanes. These tests were limited to
Reynolds numbers much lower than the flight values for
such alrplane: by the use of 2=foot-chord wooden models,

The desirabllity of extendling the tests to higher
values of the Reynolds number was apparent, and an alr-
craft manufacturer submltted three 3-foot-chord models
of heavy metal construction for this purpose. The three
alrfoll sections were: an NACA 63(,20)-1122 airfoll; an
NACA 65(223)-422, a = 1.0 (approx.) sirfoll, where
"(approx. )" refers to a slight thickening near the
tralling edge; and a 22-percent=thick Davis airfoll.
These models were tested in the NACA two-dimenslonsl
low-turbulence pressure tunnel 1in order to obtaln 1lift
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and drag oharagteristics at Reynoldé numbers up to approxli-

mately 26 x 100 with smooth surfaces, wlith roughness
gralns of varlous slzes on the leading edges, and 1n
some cases with roughness strips at varlous chordwlse
positlons,

TEST METHODS

All tests were conducted in the NACA two-dimensional
low-turbulence pressure tunnel, which 1s characterlzed
by an air stream of extremely low turbulence. The models
extended from wall to wall of the rectangular test sec-
tilon., Lift measurements were obtelned by a manometer
arrangement that lntegrated the 1ift reaction of the
models on the floor and celling of the tunnel, and drag
measurements were made by the wake-survey method (refer-
ence 2). A correction of sbout 2 percent was applied to
the dabsa for normal tunnel-wall-constrliction effects.
L1ft a20elffliclents near maximum 1lift were further corrected
for =uditional tunnel blocking that occurs when the model
18 purtlslly stalled. These addlitional corrections,
derived from statlc-pressure measurements made along the
floor snd ceiling of the tunnel, varied from O to about
10 percent. Tests were made at tunnel tank pressures
from 30 pounds per square lnch to 150 pounds per square
inch and, at all times, the tunnel airspeed was low
enough té avold compressibility effects,

. The alrfoils submlitted by the alrcraft manufacturer
had 36-inch chords, were of heavy metal construction, and
were palnted to glve aerodynamically smooth surfacés.

The two low-drag alrfolls were tested flrst smooth, then
with various sizes of roughness on the leading edge, and
finally with 0.0ll1-1nch roughness gralns at one or more
chordwlse poslitions. The Davis alrfoll was tested smooth
and with roughness grains of two sizes on the leading edge.

Tests were made of all three models, both sméoth
and rough, at Reyno%ds numbers of approximately 6, 10,

14, 20, and 26 x 10°,

The roughness sizes of 0.002, 0.004, and 0.011 inch
represent the average size of the carborundum greins
used. The roughness was applled to the leading edge
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by coating a strip from 5.50 to 5.75 inches wide, sym-
metrically spaced about the chord-line at the leading
edge, with thinned shellac and sprinkling with carbo-
rundum grains untlil 5 to 10 percent of the area was
covered wlth gralns. The roughness strips at 20 percent
and 30 percent of the airfoll chord (0.,20c and 0.30c)
wore simlilarly applled but were 0.5 -inch wide with the
forward edge of the strip at the specified chordwise
locatlon,

RESULTS AND DISCUSSION
NACA 63(L20)-}j22 aAirfoil

The effects on the 1lift and drag characteristics of
four sizes of ro ness applied to the leading edge of
the NACA 63(};20)-1;122 alrfoll sectlon at a Reynolds number’

of 26 x 106 are shown in figure 1. The lo3s 1in maximum
11ft tended to be gradual with lncreasing roughness slze,.
but the increase in drag coefficlent 1n the low-drag
range was not gradual. The application of shellac alone
to the leading edge caused a large increase 1n drag cosf-
ficlent in this range. The shellac, however, did not
decrease the 1l1ft coefficlent at whlch the drag lncreased
shdrply to extremely high values, whereas all other
roughness slzes on the leading edge did.

The effects of the 0.0ll-inch-graln roughness at
various chordwlse positions are shown in figure 2. There
was no large detrimental effect on maximum 1lift unless
the roughness was on the leading edge. This result 1s
attributed to the fact that at maximum 11ft the shape of
the pressure dlstribution causes transitlion on the upper
surface to oc¢cur close to the leadling edge. The effect
of roughnesas, therefore, in the thick turbulent boundary
layer downstream of the pressure pesk would be expected
to be small in comparison with the, effect of roughness
in the relatively thin boundary layer at the leading
edge. The drag coefficlents et low and moderate 1lift
coefflclents 1increased as the roughness was moved toward
the leading edge, as would be expected from the accom-
panying forward movement of transition. The roughnesas
strips at 0.20c ané 0.30c, however, did not appreclably
affect the value of the 1ift coefficlent at which the
drag lncreased to extremely hilgh values. At these

- . el e
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locatlions, the boundary layer cannot be laminar at such
11t coefflclents because of the shape of the pressurae
distributlions.

The scale effect on the 1lift and drag characteristilcs
of throe sizes of roughness on the léading edge ls shown
In flgures 3 to 5. Taele plots show, In genersl, a
gradual decrease 1n drag and an incrcase In maximum 1ift
with incroasing Reynoids number =~ that 1s, the scale effect
was considered favorable - for all three slzes of roughness,

NACA 65(223)-L22 (Modified) Airfoll

Lift and drag characteristics of the NACA 65(223)-422
(modlfied) airfoll are showa in figure 6 for four model
conditions; namely, 0.00-inch-grain roughness on the
leadling edge, 0.0ll~lunch-grain rouganess on the leading
edge, 0.0ll-inch-grain roughness e} 0.50c, and smooth at
Reynolds numbe:s of 1l and 26 x 100, The curves for the
model in a smocth coudltion ere presented to show that
this sectlon huad a grs“ual 1ncirease 1n drag with Increasng
Reynolds numbsor - that 13, the scale effect was con-
sldered adverse - In the low-drag range. This result
was probably caused by some slight surface irregularity
which, because of the small slopes of the favorable pres=-
sure gradlents of thils section, make 1t unusualiy sensi-
tive to any surface defects and unfairness. It is thought
that lower drags than are shown for this sectlion.are
pcasible, but NACA 65-series alrfolls (reference 2) which
are preferable to the one tested are now avallabls.

The application of roughneass to the leadlng edge of
the NACA 65(223)-122 (modified) airfoll seriously
decreased the maximum 11ft and caused a large decreaso
In the 1ift coefficlent at which the drag lncreased
rapldly. The greater part of the drag lncrement attri-
buted to the roughness gralns was caused by the smallest
roughness slze tested. The roughness strip at 0.30c did
not afrfsct the maximum 11ft coefficlent to any great
extent, because the flow over the top surface of the
airfoll at thls high poslitive angle of attack had become
turbulent much nearer the leading edge.

The effectas of 0.004-inch-grain and 0.0ll-inch-
grain roughnesses applled to the leading edge at

Reynolds numbers from 6 to 26 x 105 are shown in fig-
ures T and 8, respectively. The scale effect was
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generelly favorable, especially in the case of the

- drag-coefflelents, but became very small at Reynolds _
numbers of 20 to 26 x 106, The increase with Reynolds
number-~ of the value of the 1lift coefficlent at which

the drag coefficlent Iincreased sharply was especlally
notable.

Davlis Alrfoll

Lift and drag data for the Davlis alrfoll in the
smooth conditlon and with 0.002-inch=grain and 0.0ll-inch-
grain roughnesses appllied to the leading edge are pre-
sented 1n figure 9. A comparison of the 1lift and drag
curves obtalned for the smooth model wlith the curves
obtained wlth roughness on the model shows that even the
smaller (0.002-inch grain) roughness caused a loss in
maximum 11ft coefficient c¢f approximately 0.4, a slight
decrease In lift-curve slope, and a large increase 1n
drag throughout the range tested, :

Results of tests with roughness grains of 0,002
and 0.0l11 inch cn the leading edge at Reynolds numbers

from 6 to 26 x 10® are vresented in figures 10 and 11,
respectively. Scale effect on the drag coefficlents
was favorable for both sizes of roughness byt becams
small at Reynolds numbers of 20 and 26 x 100, There
was a small favorable scale effect on the maximum-11ft

values up to Revnolds numbers of 20 X 106 and small
adverse scale effect for both sizes of roughness at

Reynolds numbers from 20 to 26 x 106,
COMPARISON OF AIRFOIL SECTIONS

The drag coefficients of the NACA 63(L20)-L22
alrfoll section and the NACA 65(223)-422 (modified)
airfoll section with roughness strips of 0.0ll-inch
grain at 0,30c are compared in figure 12. In this
condition the extent of the laminar boundary layer
should be the same for both: sections at 11ft coeffl-
clents corresponding to the low-~drag range for the
smooth eirfolls. The drag coefflclents were nearly
the seme for 1lift coefflclents below about™ 1l.2; the
differences shown are not consldersed greater than
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possible varlations for tests wlth roughness, Flg-

ure 13 shows a similar comparlson for the three alrfolls
tested with 0.0l11-1nch-grain roughness on the leading
edges. The NACA 63(L20)-,,22 section was more resistant
to separation when rough than the other two sections;
that 1s, the 1i1ft coefficient at which the drag coeffl-
clents rise sharply to very high values was anpreclably
higher for this sectlon than for the other sectlons
tested. Numerous spanwiass drag surveys were made of

the three models with roughnesa on the leading edges,
These surveyrs showed that the NACA 63(L20)-4i22 airfoll
had no localized separation up to moderately high 1lift
coefficlsnts, thut the NACA 65(223)-L422 (modified) air-
foll showed marked local seraration st much lower 1lift
coefficlents, and that ths Davls alrfoil showed local
separation at 1ift coofficisents above approximately 0.8.

The offects on the drug zonfflcient at a 11ft coef-
ficient of 0.)p of various sizes of roughness on the
leadlng sdge for the thres sirfolls testad are shown in
figuro 1. All threo e&lrfolls hsd nearly the same drag
‘coefficient whei rough snd the drag increased very
11ttle wlith incressing roughness cize. A large lncrease
occurred, however, from the smocoth condition to ihe
smallest size of roughness,

Both the NACA low-drag alrfolls were affected
by roughness less at the hilgh Heynolds numbers than
at the lower Reynolds numbers. Thls favorable scale
effect wlith tho models in & rough condltlion lncreesed
the 1ift coefficlents st which the drag coefficlents
increased rapldly to extremely high values by nearly 0.4
for the NACA 65(223)-~l122 (modifled) section and 0,2 for
ths NaCa 63(420)-422 section. The Davis alrfoil showed
practically no favorable scale effect in thls respect
although tho effeget on Arag coefflciont at lower 1ift
coefficlehts was favorable.

CCNCLUSIONS

Teats of an NACA 63(120)-lj22 airfoil, an
¥aca (5(223)-122 (modified) alrfoil, and a 22-percent-
thick Davis elrioil, all with roughness strips on the
surfsces, indicated the following conclusions: )

1. In gonarul, the alrfolls with roughness strips
showed favorable scale effects over the Reynolds number
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range from 6 to 26 x 106, This favorable scale effect
was partlcularly effective on the NACA alrfoils in
"Increasing the 1lift coefflclents at which the drag
coefficients Increased sharply to very high values.

2., At amall and moderate 1lift coefficients, the
drag coefficlents for all the sections tested wilth
leaGing edges rough were nearly the same for the same
roughness condition and Reynolds number. With rough-
ness strips at 50 percent of the chord, the drag charace
teristics of the two NACA alrfolls tested were nearly
the same except at the highest 1ift coefficlent.

3+ Increasing the size of the roughness grains
applled to the lsading edge progressively decreased
the maximum 11ft coefficlents for the slzes tested,
but the greater part of the draz ilncrement caussd by
the roughness occurred with the smallest roughness tested.

. The order of merit of the three alrfoils in
perritting high 11ft coefficlents to be obtalined without
excesslvely hlgh drag coefficients with the leading edges
"rough 1s as follows: the NACA 63(420)-L22 airfoil, the
NACA 65(223)-L22 (modifiled) airfoil, and the 22-percent-
thick Davls sairfoll.

5« The maximum 1ift coefficlents of the NACA alr-
foils tested were not affected to any great extent by
roughnoss strins at 20 or 30 percent of the chord back
of the leeding edge.

Langley Memorlal Aeronautical Laboratory
National Advisory Committee for Asronautics
Langley Fleld, Va.
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Figure 1l1l,- Lift and drag characteristics of a 0,22c-thick Davis airfoll with
0,0ll-inch-grain roughness applied to the leading edge. .
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Figure 13,- Drag characteristics of three airfoils with
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